We have been analyzing genes for reproductive isolation by replacing Drosophila melanogaster genes with homologs from Drosophila simulans by interspecific backcrossing. Among the introgressions established, we found that a segment of the left arm of chromosome 2, Int(2L)S, carried recessive genes for hybrid sterility and inviability. That nuclear pore protein 160 (Nup160) in the introgression region is involved in hybrid inviability, as suggested by others, was confirmed by the present analysis. Male hybrids carrying an X chromosome of D. melanogaster were not rescued by the Lethal hybrid rescue (Lhr) mutation when the D. simulans Nup160 allele was made homozygous or hemizygous. Furthermore, we uniquely found that Nup160 is also responsible for hybrid sterility. Females were sterile when D. simulans Nup160 was made homozygous or hemizygous in the D. melanogaster genetic background. Genetic analyses indicated that the D. simulans Nup160 introgression into D. melanogaster was sufficient to cause female sterility but that other autosomal genes of D. simulans were also necessary to cause lethality. The involvement of Nup160 in hybrid inviability and female sterility was confirmed by transgene experiment.
I
NVESTIGATING the genetic bases of reproductive isolation is important for understanding speciation (Sawamura and Tomaru 2002; Coyne and Orr 2004; Wu and Ting 2004; Noor and Feder 2006; Presgraves 2010) . In fact, continued interest in this issue has led to the isolation of several genes that are responsible for hybrid sterility and inviability in Drosophila (Ting et al. 1998; Presgraves et al. 2003; Brideau et al. 2006; Masly et al. 2006; Phadnis and Orr 2009; Prigent et al. 2009; Tang and Presgraves 2009) . Drosophila melanogaster and Drosophila simulans are the best pair for such genetic analyses (Sturtevant 1920) . Hybrid male lethality in the cross between D. melanogaster females and D. simulans males is caused by incompatibility involving chromatin-binding proteins Brideau et al. 2006) , and hybrid female lethality in the reciprocal cross is caused by incompatibility between a maternally supplied factor and a repetitive satellite DNA (Sawamura et al. 1993a; Sawamura and Yamamoto 1997; Ferree and Barbash 2009) . Furthermore, individuals with the genotype equivalent to the backcrossed generation exhibit different incompatibilities (Pontecorvo 1943; Presgraves 2003) , two components of which have been identified Tang and Presgraves 2009 ). Because of the discovery of rescuing mutations that prevent hybrid inviability and sterility (Watanabe 1979; Hutter and Ashburner 1987; Sawamura et al. 1993a,b; Davis et al. 1996; Barbash and Ashburner 2003) , chromosome segments from D. simulans can be introgressed into the D. melanogaster genome Masly et al. 2006) . For example, introgression of the D. simulans chromosome 4 or Y into D. melanogaster results in male sterility (Muller and Pontecorvo 1940; Orr 1992) , and the recessive sterility by the chromosome 4 introgression is attributed to an interspecific gene transposition between chromosomes (Masly et al. 2006) .
The other successful introgressions of this type are the tip and the middle regions of the left arm of chromosome 2, Int(2L)D and Int(2L)S, respectively (Sawamura 1 et al. 2000) . Both female and male Int(2L)S homozygotes are sterile ( Figure 1A ), and the recessive sterility genes have been mapped with recombination and complementation assays against deficiencies. The male sterility genes are polygenic and interact epistatically with each other (Sawamura and Yamamoto 2004; Sawamura et al. 2004b) , but the female sterility gene has been mapped to a 170-kb region containing only 20 open reading frames (ORFs) (Sawamura et al. 2004a) . Interestingly, Int(2L)S also carries a recessive lethal gene whose effect is detected only in a specific genotype ( Figure 1B ). Lethality in hybrid males from the cross between D. melanogaster females and D. simulans males is rescued by the Lethal hybrid rescue (Lhr) mutation in D. simulans (Watanabe 1979) , but the hybrid males cannot be rescued if they carry the introgression, presumably because of incompatibility between an X-linked gene(s) of D. melanogaster and a homozygous D. simulans gene in the Int(2L)S region (Sawamura 2000) . Because the female sterility gene and the lethal gene were not separated by recombination, Sawamura et al. (2004a) suggested that female sterility and lethality may be a consequence of the pleiotropic effects of a single gene.
Because the hybrid lethal gene on Int(2L)S is recessive, the gene can be mapped by deficiencies instead of using introgression ( Figure 1C ) (Sawamura 2000; Sawamura et al. 2004a) . In fact, hybrid males carrying a deficiency encompassing this region (hemizygous for the D. simulans genes) and the D. melanogaster X chromosome are lethal even if they carry the hybrid rescue mutation (see also Presgraves 2003) . Tang and Presgraves (2009) subsequently narrowed down this region with multiple deficiencies and identified the hybrid lethal gene with a complementation test and transformation. We confirmed their conclusion and report our data here. In the transformation experiment, we used the natural promoter of the gene, instead of overexpressing the gene (Tang and Presgraves 2009 ), and we directly indicated, for the first time, that the hybrid lethal gene is also responsible for the female sterility of introgression homozygotes. The D. simulans allele of the gene seems to be nonfunctional on the genetic background of D. melanogaster. Moreover, our results indicated that this gene and chromosome X of D. melanogaster are not sufficient to explain the inviability and that another autosomal gene(s) in D. simulans is required.
MATERIALS AND METHODS
Fly strains and crosses: Int(2L)D1S was used for the D. simulans introgression to D. melanogaster . Because introgression homozygotes are sterile in both females and males, the introgression is maintained with a chromosome 2 balancer, CyO-CR2 (simply called CyO in the previous and current reports). The cytoplasm, which was originally from D. simulans, was substituted for D. melanogaster cytoplasm in the introgression line used in this report. Our preliminary analyses showed that Int(2L)D has an effect on male fertility but does not on viability or female fertility. We used deficiencies and insertion mutations (Figures 2 and 3) . Three of them are the insertions in Nup160: P{EP}Nup160 EP372 in the 59 UTR, P{lacW}l(2)SH2055 SH2055 in exon 1, and PBac{RB}RfC38 e00704 in the 39 UTR (see FlyBase, http:/ / flybase.org/; Tweedie et al. 2009 ). The insertion site and the direction of the insert were determined by sequencing DNA around the right boundary of P{lacW}l(2)SH2055
SH2055
. These deficiencies and insertion mutations were originally balanced with CyO but were substituted with CyO-CR2 to easily recognize balancer carriers by the rough-eye phenotype. The curly-wing phenotype that is produced by CyO is not always reliable.
The breakpoints of Df(2L)BSC and Df(2L)Exel deficiencies can be predicted at the nucleotide position level because they were made with site-specific recombination between different transposon insertions whose insertion sites had previously been determined (Parks et al. 2004; Ryder et al. 2004 Ryder et al. , 2007 Thibault et al. 2004) . The left breakpoints of Df(2L)BSC242 and Df(2L)BSC343, which needed to be precisely determined for this study (Figure 2) , were confirmed by polymerase chain reaction and restriction fragment length polymorphism (PCR-RFLP). Df(2L)ab-c1 is a deficiency in the P{lacW}ab k02807 chromosome that was newly induced by X-ray irradiation. We determined the right breakpoint to be to the right of cmet using complementation tests and the left breakpoint to be between Ge-1 and Gr32a using PCR-RFLP. To examine female fertility, tester females were crossed to males from the Oregon-R (OR) strain of D. melanogaster. Eggs were collected for 8 hr, and their hatchability was examined 24 hr later. Sterile females produced normal-looking eggs (see Sawamura et al. 2004a) . To examine hybrid viability, tester females were crossed to Lhr males of D. simulans. All flies were reared at 25°because hybrids are fully viable at this temperature when they have Lhr (Barbash et al. 2000) .
Transformation: A genomic fragment of 9 kb, including three ORFs (Csl4, Nup160, and RfC38; see Figure 2 ), was PCRamplified using the isogenic y; cn bw sp strain of D. melanogaster as the template. Amplification was conducted at 94°for 2 min followed by 30 cycles of 94°for 15 s, 61.8°for 30 s, and 68°for 9 min, using KOD -Plus-(TOYOBO, Osaka, Japan) as the DNA polymerase. The primer pair used was 59-AAAAGGCCTCTGC GACTGACAATAGGAAGG-39 and 59-AAAAGGCCTCTCCATG TTCCACTCCGTTC-39 (the introduced StuI sites are underlined). The PCR product was digested by StuI and ligated into the EcoRV site of pBlueScript II SK1 (Stratagene). The cloned DNA segment was sequenced and confirmed not to carry mutations in the Nup160 ORF (we did find one synonymous substitution in Csl4 and another downstream of Csl4). The 9-kb fragment was subcloned into the EcoRI and KpnI sites of the pattB plasmid that carries the attB sequence and the miniwhite (w 1 ) gene (Groth et al. 2004) . The construct was injected into embryos from the y sc v P{y 1t7.7 ¼nos-phiC31\ ¼CaryP}attP2 strain of D. melanogaster to allow for uC31-targeted site-specific recombination into the attP landing site (68A4 on chromosome 3) (Groth et al. 2004; Bateman et al. 2006; Bischof et al. 2007 RT-PCR: Using the RNAlater RNA Stabilization Solution and an RNeasy Mini kit (QIAGEN, Tokyo), RNA was extracted from ovaries dissected from 8 to 10, 1-to 3-week-old virgin females. The samples were from Int(2L)D1S homozygotes, the OR strain of D. melanogaster, and the C167.4 strain of D. simulans. cDNA was reverse-transcribed from mRNA using SuperScript III (Invitrogen, Tokyo) after treatment with DNase I. PCR amplification was conducted at 94°for 2 min followed by 25 cycles of 98°for 10 s, 60°for 30 s, and 68°for 20 s, with a final extension reaction at 68°for 7 min using KOD plus ver. 2 (TOYOBO, Osaka, Japan) as the DNA polymerase. The primer pair used for Nup160 was 59-TCCCAGTCAGCCTA CTTTGC-39 and 59-AACTCAGCTCGGGAATTGTG-39 (see Figure 3 for primer positions). Our preliminary observations (of sequencing and RT-PCR for other parts of the ORF) indicated that the gene structure of Nup160 from D. simulans is the same as that from D. melanogaster. RpL32 (¼ rp49) was analyzed as an internal control in which the primer pair 59-AGATCGTGAAGAAGCGCACCAAG-39 and 59-CACCAGGA ACTTCTTGAATCCGG-39 was used.
RESULTS
Nup160 causes hybrid inviability: First, the hybrid lethal gene on Int(2L)S was mapped by deficiencies as shown in Table 1 , some of which had also been used by Tang and Presgraves (2009) . Male viability was complemented by Df(2L)BSC343 but not by Df(2L)BSC242, indicating that the gene is between the left breakpoints of the deficiencies (Figure 2) . Thus, candidate genes for the inviability were Gr32a, CG6230, CG14921, Csl4, and Nup160. Next, we tested several transposon insertions to identify the gene and found an insertion mutation (PBac{RB}RfC38 e00704 ) that did not complement the viability (Table 1) . This piggyBac insertion carrying a splice acceptor sequence was located in the 39 UTRs of RfC38 and Nup160 (Figure 3) . Because RfC38 was excluded as a candidate by Df(2L)BSC343, we concluded that Nup160 is the causative gene. But two other insertion mutations in Nup160 (P{EP}Nup160 EP372 and P{lacW}l(2)SH2055 SH2055 ) complemented the viability [see also Tang and Presgraves (2009) Nup160 causes hybrid female sterility: The same deficiencies and insertion mutations as above were used to identify the female sterility gene. First, we counted offspring to examine the fertility of females heterozygous for the introgression and the tester chromosomes ( Table  2) . As with male viability, female fertility was complemented by Df(2L)BSC343 but not by Df(2L)BSC242. Among the three insertion mutations for Nup160, P{EP}Nup160 is on the reverse strand. The insertion site of P{lacW}l(2)SH2055 SH2055 was determined to be just 59 of the nucleotide position 116 of Nup160. The positions of PCR primers are indicated by arrowheads. Also shown are part of Csl4 and RfC38, which are encoded on the opposite strand. 
.100 Df(2L)Exel6028/Int(2L)D1S
.100 At least 20 females were tested (five pairs 3 four replicates). An exception is Df(2L)BSC36/Int(2L)D1S, in which only two females were tested because of their low viability.
c Siblings from a cross (see materials and methods).
/Int(2L)D1S was confirmed by measuring egg hatchability. In addition to PBac{RB}RfC38 e00704 , P{lacW}l(2)SH2055 SH2055 showed a severe reduction of fertility (Table 3 ). The P{lacW}l(2)SH2055 SH2055 insertion is adjacent to the 59 UTR of Csl4 and may also affect the transcription of Csl4. It is, however, reasonable to assume that Nup160 is the female sterility gene because PBac{RB}RfC38 e00704 , whose insertion site is in the 39 UTR of RfC38 and Nup160, also resulted in female sterility. In conclusion, Nup160 introgression from D. simulans causes not only hybrid inviability but also female sterility in introgression homozygotes.
Nup160 transgene rescues hybrid inviability and female sterility: In the cross between w/w; Int(2L)D1S/ CyO; P{w 1 Nup160 mel }/1 females and D. simulans Lhr males, all the introgression-bearing (Cy 1 ) sons carried the transgene (w 1 ) (Table 4) . Furthermore, w/w; Int(2L)D1S/ Int(2L)D1S; 1/1 females were sterile, but the sibling w/ w; Int(2L)D1S/Int(2L)D1S; P{w 1 Nup160 mel }/1 females were fertile (Table 2 ). It should be noted here that fertility rescue by the transgene was incomplete (Table 3) , presumably because of a position effect or a partial absence of a regulatory region of Nup160 in the transfomant. Thus, the hypothesis that Nup160 is responsible for both hybrid inviability and female sterility was confirmed.
Nup160 gene expression in sterile females: We next addressed the question of whether D. simulans Nup160 Other potential sites for hybrid incompatibility: When Int(2L)D1S was made heterozygous with deficiencies, several irregular morphological abnormalities were found in some flies: notched wing margins, shortening of vein L5, irregular reduction in abdominal tergites, and erect or missing postscutellars (Table 5 ). Pure D. melanogaster flies heterozygous for the deficiencies did not show such abnormalities other than missing postscutellars, which were seen at a low frequency. Because flies heterozygous for the Nup160 mutations and Int(2L)D1S did not exhibit these phenotypes, these abnormalities may not be attributable to the single gene Nup160.
The other unexpected result was poor viability of flies that were heterozygous for Int(2L)D1S and some deficiencies (Table 5) . No haplo-insufficiency locus was included in the region tested; hemizygotes were fully viable in D. melanogaster. The poor viability may be partially due to the pleiotropic effects of the gene(s) responsible for irregular morphologies. The viability was generally lower (,1) when accompanied by an irregular phenotype. Interestingly, females were affected more than males (female viability , male viability in all six genotypes). Extremely poor viability (0.02) was seen in Df(2L)BSC241/Int(2L)D1S and Df(2L)BSC36/Int(2L)D1S. Some of the D. simulans genes (Nup154, Art8, dUTPase, Samuel, Acp32CD, CG14913, and CG18666) in the 62-kb region (Figure 2 ; Tweedie et al. 2009 ) are required to be hemizygous for the poor viability. (Table 1) . Furthermore, the lethality was rescued by the D. melanogaster Nup160 (Nup160 mel ) transgene (Table 4 ). The genotypic difference between homozygotes (Sawamura 2000) and hemizygotes (Tang and Presgraves 2009 ) also suggests that the hybrid male lethality was not due to haplo-insufficiency of the locus. Tang and Presgraves (2009) (Table 3) . Thus, the same gene is responsible for hybrid inviability and female sterility in different genetic backgrounds, which was previously suggested by Sawamura et al. (2004a) . Barbash and Ashburner (2003) have suggested that the Hybrid male rescue (Hmr) mutation of D. melanogaster rescues not only lethal hybrids but also sterile female hybrids. Thus, the same hybrid incompatibility genes can affect more than one component of hybrid fitness.
On the basis of their results using the compound X chromosomes of D. melanogaster, Tang and Presgraves (2009) suggested that one of the partners of the Nup160 sim -related incompatibility must be encoded on chromosome X because male hybrids carrying the D. simulans X chromosome are viable. If the incompatibility resulted from the effect of a single pair of genes, Nup160 sim homozygotes (or hemizygotes) in the D. melanogaster genetic background would be inviable. In fact, these flies were viable (although females were sterile), which is especially informative because they are different from the lethal genotype only in the autosomal (and the Y) chromosome (Figure 1, A and  B) . These findings clearly indicate that Nup160 sim and a gene(s) on the D. melanogaster X chromosome are not sufficient to cause inviability. Another autosomal factor(s) of D. simulans is required. Although compound X chromosomes are powerful tools for studying X chromosome effects, and the D. melanogaster X chromosome was required for inviability (Tang and Presgraves 2009) , the introgression analyzed here revealed a further complication underlying the incompatibility leading to inviability.
Nup160 encodes a 160-kD nuclear pore complex (NPC) scaffold protein. NPC contains 30 protein components, and the scaffold proteins (i.e., the Nup107-160 subcomplex) allow the transport of macromolecules between the nucleus and the cytoplasm (for recent reviews see Antonin et al. 2008; D'Angelo and Hetzer 2008; Capelson and Hetzer 2009; Mason and Goldfarb 2009; Köhler and Hurt 2010) . Hybrid lethality revealed here may result from mRNA accumulation in the nucleus. Recent investigations have also indicated broader functions for the NPC in kinetochore formation and transcriptional regulation, including dosage compensation (Mendjan et al. 2006; Orjalo et al. 2006; Zuccolo et al. 2007; Capelson et al. 2010; Mishra et al. 2010; Vaquerizas et al. 2010) . Therefore, the mechanism of female sterility, i.e., karyogamy failure (Sawamura et al. 2004a) , in the introgression homozygotes may be different from that of the hybrid lethality.
What are the mechanisms of Nup160 incompatibility? RT-PCR indicated that Nup160 sim is expressed in the D. melanogaster genetic background in the ovary, and this has been confirmed by a microarray analysis (A. Ogura, J. Ranz and D. Hartl, personal communication). The incompatibility may be attributable to abnormal proteinprotein interactions rather than to failure of transcriptional regulation. Nup96, which encodes another protein of the Nup107-160 subcomplex, is one of the candidates for the partners of the interaction. Interestingly, D. simulans Nup96 (Nup96 sim ), which is located on chromosome 3, behaves similarly to Nup160 sim in the hybrid cross: male hybrids from the cross between D. melanogaster females and D. simulans Lhr males are not rescued if they are hemizygous for Nup96 sim . The other partner of the incompatibility must be encoded on chromosome X, and only one NPC peripheral protein gene, Nup153, has been identified on that chromosome (Tweedie et al. 2009 ). Thus, D. melanogaster Nup153 (Nup153 mel ) is the candidate, as was suggested by Tang and Presgraves (2009) . Because some restrictive Nup mutations lead to synthetic lethality in yeast (Fabre and Hurt 1997) , it is not surprising that certain NPC protein interactions result in hybrid lethality in Drosophila.
Presgraves and co-workers detected recurrent adaptive evolution of NPC proteins in the D. melanogaster and D. simulans lineages by population genetic analysis and suggested selection-driven coevolution among the molecular interactors within species Presgraves and Stephan 2007; Tang and Presgraves 2009 ). Why do NPC protein genes evolve so quickly at the molecular level? The nuclear entry of retroviruses and retrotransposons is mediated by NPC (e.g., Dang and Levin 2000; Petersen et al. 2000; von Kobbe et al. 2000; Gustin and Sarnow 2001; Sistla et al. 2007; Beliakova-Bethell et al. 2009) , and this host-pathogen interaction may have accelerated the evolution of NPC proteins. Alternatively, the NPC proteins may have evolved so quickly to interact properly with rapidly evolving sequences of the centromere and its surrounding heterochromatin (Sawamura et al. 1993b; Henikoff et al. 2001; Bayes and Malik 2009; Ferree and Barbash 2009 ).
In summary, we reported the finding of Nup160 as a hybrid female sterility gene. While the hybrid lethality effect of Nup160 is well established, nobody had predicted the female sterility effect. We also showed that Nup160 from D. simulans in the D. melanogaster genetic background by itself did not cause lethality when homozygous and that other autosomal partners were required. Thus, this study raises interesting questions about the molecular nature of the defect that causes female sterility and whether more parts of the incompatibility network (in addition to Nup160) might be shared between the hybrid female sterility and lethality phenotypes.
